Autophagy involves the lysosomal degradation of cytoplasmic contents for regeneration of anabolic substrates during nutritional or inflammatory stress. Its initiation occurs rapidly after inactivation of the protein kinase mammalian target of rapamycin (mTOR) (or mechanistic target of rapamycin), leading to dephosphorylation of Unc-51-like kinase 1 (ULK1) and autophagosome formation. Recent studies indicate that mTOR can, in parallel, regulate the activity of stress transcription factors, including signal transducer and activator of transcription-1 (STAT1). The current study addresses the role of STAT1 as a transcriptional suppressor of autophagy genes and autophagic activity. We show that STAT1-deficient human fibrosarcoma cells exhibited enhanced autophagic flux as well as its induction by pharmacological inhibition of mTOR. Consistent with enhanced autophagy initiation, ULK1 mRNA and protein levels were increased in STAT1-deficient cells. By chromatin immunoprecipitation, STAT1 bound a putative regulatory sequence in the ULK1 5-flanking region, the mutation of which increased ULK1 promoter activity, and rendered it unresponsive to mTOR inhibition. Consistent with an anti-apoptotic effect of autophagy, rapamycin-induced apoptosis and cytotoxicity were blocked in STAT1-deficient cells but restored in cells simultaneously exposed to the autophagy inhibitor ammonium chloride. In vivo, skeletal muscle ULK1 mRNA and protein levels as well as autophagic flux were significantly enhanced in STAT1-deficient mice. These results demonstrate a novel mechanism by which STAT1 negatively regulates ULK1 expression and autophagy.
Autophagy involves the lysosomal degradation of cytoplasmic contents for regeneration of anabolic substrates during nutritional or inflammatory stress. Its initiation occurs rapidly after inactivation of the protein kinase mammalian target of rapamycin (mTOR) (or mechanistic target of rapamycin), leading to dephosphorylation of Unc-51-like kinase 1 (ULK1) and autophagosome formation. Recent studies indicate that mTOR can, in parallel, regulate the activity of stress transcription factors, including signal transducer and activator of transcription-1 (STAT1). The current study addresses the role of STAT1 as a transcriptional suppressor of autophagy genes and autophagic activity. We show that STAT1-deficient human fibrosarcoma cells exhibited enhanced autophagic flux as well as its induction by pharmacological inhibition of mTOR. Consistent with enhanced autophagy initiation, ULK1 mRNA and protein levels were increased in STAT1-deficient cells. By chromatin immunoprecipitation, STAT1 bound a putative regulatory sequence in the ULK1 5-flanking region, the mutation of which increased ULK1 promoter activity, and rendered it unresponsive to mTOR inhibition. Consistent with an anti-apoptotic effect of autophagy, rapamycin-induced apoptosis and cytotoxicity were blocked in STAT1-deficient cells but restored in cells simultaneously exposed to the autophagy inhibitor ammonium chloride. In vivo, skeletal muscle ULK1 mRNA and protein levels as well as autophagic flux were significantly enhanced in STAT1-deficient mice. These results demonstrate a novel mechanism by which STAT1 negatively regulates ULK1 expression and autophagy.
Autophagy is a highly conserved eukaryotic stress and survival response that degrades cytoplasmic contents for the recycling of biosynthetic substrates and energy production (for review, see Ref. 1) . In macroautophagy, the initial step involves formation of a double membrane vesicle (autophagosome) that can incorporate long-lived cytosolic proteins and organelles (e.g. mitochondria, peroxisomes). Upon fusion with the lysosome, autophagosomal contents are degraded, products are release into the cytosol, and lysosomes are regenerated (2) . The initiation of autophagy requires a protein complex that consists of Unc-51-like kinase-1/2 (ULK1/2), 4 Fak family kinase-interacting protein of 200 kDa (FIP200, RB1CC1), and autophagyrelated 13 and 101 (ATG13, ATG101) (3, 4) . Nucleation of autophagosomal membranes requires a second complex that includes Beclin-1 and phosphatidyl-3-kinase class 3 (PI3KCIII, Vps34) (1, 5) . During elongation and maturation the protein microtubule-associated protein light chain 3B (LC3B) is lipidated and incorporated into the autophagosomal membrane. Whereas the detection of autophagosomes by electron or fluorescence microscopy are useful markers, the accumulation of lipidated LC3B (LC3BII) in the presence of lysosomal inhibitors (e.g. bafilomycin A, NH 4 Cl) and the degradation of long-lived proteins are direct measures of autophagic activity or "flux" (6, 7) .
Initiation and termination of the autophagic cycle are tightly controlled by mammalian target of rapamycin (mTOR; also known as mechanistic target of rapamycin, MTOR), a ubiquitous protein kinase that promotes anabolic processes (e.g. protein synthesis, mitochondrial biogenesis) and inhibits catabolic processes (e.g. autophagy, lysosomal biogenesis) (8) . mTOR nucleates two large protein complexes (9) . mTOR complex 1 (mTORC1) stimulates protein synthesis and inhibits autophagy under anabolic conditions, whereas mTOR complex 2 (mTORC2) promotes cytokinesis and cell survival. Under catabolic conditions that inhibit mTORC1 activity (e.g. amino acid, glucose, or mitogen withdrawal) or after pharmacological blockade (e.g. rapamycin, Torin-1), ULK1 is rapidly dephosphorylated permitting the initiation of autophagy (3, 10) . Reactivation of mTORC1 terminates autophagy and permits the regeneration of lysosomes (11) .
Although numerous studies have addressed the post-translational modifications and protein-protein interactions that regulate autophagosome formation, emerging studies have begun to characterize the transcriptional regulation of genes encoding autophagy proteins (12) . Among the transcription factors that were shown to bind autophagy gene promoters, forkhead class O transcription factor 3a (FOXO3a) increased autophagy and atrophy in skeletal muscle (13) . The transcription factors SREBP-2, E2F1, and ATF-4 bound and enhanced transcription of the LC3B gene (14 -16) . Under conditions of amino acid restriction, inactivation of mTOR permitted the nuclear transport of transcription factor EB (TFEB) and the induction of genes involved in autophagosomal maturation and lysosomal function (17) . Less is known regarding the regulation of genes encoding proteins in the autophagy initiation complex or mechanisms by which the autophagy transcriptional program is attenuated.
We identified a physical interaction between mTORC1 and signal transducer and activator of transcription-1 (STAT1), a transcription factor that activates a subset of genes involved in programmed cell death (apoptosis) (18 -20) . Because recent studies indicate an anti-apoptotic role for autophagy, we hypothesized that STAT1 might function as an endogenous and stress-inducible repressor of autophagy gene transcription and autophagy per se. Here, we use in vitro and in vivo models to show that genomic loss of STAT1 increases autophagic flux, ULK1 mRNA levels, and ULK1 gene promoter activity. Furthermore, although apoptosis induced by the mTORC1 inhibitor rapamycin is attenuated in STAT1-deficient cells, it can be restored by inhibiting autophagic activity. RNAi depletion of ULK1 reduced autophagic flux observed in STAT1-deficient cells. Finally, in an in vivo model of autophagy induction during systemic inflammation, ULK1 expression and autophagy are increased in the diaphragms of STAT1-deficient mice. The results indicate an essential role for STAT1 in dampening the autophagic response in vitro and in vivo.
Results

STAT1-deficient Cells Exhibit Increased Autophagic Flux-
We used three different models of STAT1 genomic loss to demonstrate a requirement for STAT1 in the suppression of autophagic flux and ULK1 expression. STAT1-deficient U3A cells were generated by random DNA mutagenesis in human fibrosarcoma (2fTGH) cells and subsequent clonal selection for absent responses to interferon (21, 22) . For models of STAT1 genomic loss with isogenic controls, we used STAT1 knock-out (Ϫ/Ϫ) or wild-type (ϩ/ϩ) mice or mouse embryonic fibroblasts (MEFs) (23) .
Autophagic flux in STAT1-deficient cells was assessed by evaluating lysosomal proteolysis of long-lived proteins (longlived protein degradation (LLPD)). LLPD in STAT1-deficient U3A cells was greater than that in control 2fTGH cells (Fig. 1A , column 5 versus column 1). To demonstrate that changes in autophagic flux in U3A cells are due to loss of STAT1 and not due to epigenetic effects of genomic STAT1 mutations, we assessed U3A cells stably reconstituted with recombinant STAT1␣ (U3A-R cells). LLPD in U3A-R cells was similar to that observed in wild-type 2fTGH cells. To study the induction of autophagy, the mTORC1 inhibitor rapamycin was used. Rapamycin-induced LLPD was also enhanced in U3A cells, suggesting that loss of STAT1 might sensitize cells to the autophagic protein degradation observed upon inactivation of mTORC1 (column 6 versus column 5). There was no independent effect of rapamycin on STAT1 protein levels. STAT1 levels in U3A-R cells were similar to those in 2fTGH cells, and STAT1 was not detected in U3A cells (Fig. 1A, inset) . To derive the component of LLPD due to lysosomal degradation, cells were incubated with the lysosomal acidification inhibitor NH 4 Cl. In each case (Fig. 1A, column 4 versus 2, 8 versus 6, 12 versus 10) , NH 4 Cl abolished rapamycin-induced LLPD, indicating that the effect of rapamycin was likely on the autophagy-lysosomal pathway per se and not on other proteolytic systems. The NH 4 Cl-sensitive rate of proteolysis was calculated by subtracting LLPD in the presence of NH 4 Cl from that in its absence and was significantly greater in STAT1-deficient U3A cells exposed to rapamycin (Fig. 1B, column 4 versus 3) . The effect of rapamycin on NH 4 Cl-sensitive LLPD (autophagy) was summarized by subtracting NH 4 Cl-sensitive LLPD in cells exposed to rapamycin to that in cells exposed to vehicle (Fig. 1C, column 2 
versus 1).
These results indicate that the loss of STAT1 enhances basal and rapamycin-induced autophagy.
Autophagic flux was also assessed by lipidation of LC3B in the absence or presence of the lysosomal inhibitor bafilomycin A1. Bafilomycin increased lipidated LC3B (LC3B-II) levels under all conditions, indicating ongoing autophagic flux (Fig.  1D ). In the presence of bafilomycin, mean LC3B-II levels were higher in U3A cells than those in 2fTGH cells (Fig. 1E) . The mean bafilomycin-induced increase in LC3B-II levels (⌬LC3B-II, flux) was higher in STAT1-deficient U3A cells than that observed in 2fTGH cells (Fig. 1E) ; this was true for vehicle-or rapamycin-treated cells. The mean flux, as measured by the mean increase in LC3B-II due to bafilomycin, was also higher in U3A cells than in 2fTGH cells; similarly, rapamycin-induced flux was higher in U3A cells than in 2fTGH cells (Fig. 1F) .
We used an additional kinase inhibitor, Torin-1, to confirm a role for STAT1 in the regulation of autophagic activity by mTORC1. Incubation of 2fTGH cells with 10 nM Torin-1 led to a significant increase in autophagic flux (Fig. 1G , lanes 3 and 4 versus 1 and 2; Fig. 1H, column 2 versus 1 ). Basal and Torin1-induced autophagic flux were increased in U3A cells (Fig. 1G,  lanes 5-8, Fig. 1H columns 3 versus 1 and 4 versus 2) . Moreover, the augmenting effects of STAT1 deficiency were reversed in STAT1-reconstituted cells (Fig. 1G, lanes 9 -12; Fig. 1H , columns 5 and 6). Consistent with a low dose of Torin-1, the phosphorylation of the mTORC1 target p70 S6K, but not the mTORC2 target Akt, was blocked (Fig. 1G ). There were no changes observed in total p70 S6 kinase, S6, or AKT levels across conditions (data not shown). STAT1 protein was absent in U3A cells. The magnitude of Torin1-induced autophagy was similar to that caused by Earle's balanced salt solution (EBSS; supplemental Fig. 1A ). Taken together, these results demonstrate that loss of STAT1 enhances LC3B lipidation and autophagic flux and that the effect can be reversed by re-expression of STAT1.
STAT1 Regulates ULK1 mRNA and Protein Levels-We next reasoned that STAT1 might suppress genes that encode pro-teins in the autophagy initiation complex (i.e. ULK1, ATG13, FIP-200). By quantitative PCR, basal ULK1 mRNA levels were significantly higher in STAT1-deficient U3A when compared with control 2fTGH cells ( Fig. 2A) . The absence of STAT1 did not alter ATG13 or FIP200 mRNA levels. Loss of STAT1 also enhanced the induction of ULK1 by rapamycin (Fig. 2B) . In contrast to ULK1, there was no effect of STAT1 deficiency on FIP200 mRNA levels (Fig. 2B) ; ATG13 mRNA levels were slightly increased by rapamycin in U3A cells. Unlike genes encoding components of the initiation complex, the expression of mRNAs for Beclin-1 or ATG12 was not altered by STAT1 deficiency or rapamycin (data not shown). There was a significant increase in ULK1 mRNA at 4 and 6 h observed in 2fTGH cells after exposure to rapamycin, and this was enhanced in STAT1-deficient U3A cells (Fig. 2C) . Like mRNA levels, baseline and rapamycin-induced ULK1 protein levels were greater in STAT1-deficient U3A (Fig. 2D ) cells. The rise in ULK1 levels after incubation with rapamycin for 18 h was sustained in U3A but not 2fTGH cells (Fig. 2D ). The degradation of ULK1 in U3A cells incubated with the protein synthesis inhibitor cycloheximide (t1 ⁄ 2 8.1 Ϯ 0.8 h) was slightly higher than that observed in 2fTGH cells (t1 ⁄ 2 10.8 Ϯ 1.5 h, Fig. 2E ). As was the case for autophagic flux (Fig. 1, G and H) , incubation with 10 nM Torin1 also increased ULK1 protein levels in 2fTGH cells (Fig. 2F , lane FIGURE 2. STAT1 is an endogenous inhibitor of autophagy genes and ULK1 protein in human fibrosarcoma cells exposed to rapamycin and Torin-1. A, levels of mRNAs of genes encoding autophagy initiation proteins (ULK1, ATG13, FIP200) were measured in control human fibrosarcoma (2fTGH) and STAT1-deficient human fibrosarcoma (U3A) cells by real-time PCR. Shown are the means of -fold change in mRNA levels Ϯ S.E. from three individual experiments with ULK1 mRNA levels in U3A cells ϭ 1. *, p Ͻ 0.05 U3A versus 2fTGH by Student's t test. B, 2fTGH or U3A cells were exposed to vehicle (Ctrl) or rapamycin (Rap; 200 ng/ml, 218 nM) for 6 h before measurement of the indicated mRNA levels by real-time PCR. Shown are the means of -fold change in mRNA levels Ϯ S.E. from three individual experiments with ULK1 mRNA levels from vehicle-treated 2fTGH (left panel) or U3A (right panel) cells ϭ 1. Baseline ULK1 mRNA levels were 1.35-fold higher in U3A versus 2fTGH cells. *, p Ͻ 0.05 rapamycin versus vehicle control. C, 2fTGH or U3A cells were exposed to rapamycin (Rap; 200 ng/ml, 218 nM) for 0, 4, 6, or 18 h before measurement of ULK1 mRNA levels by real-time PCR. Shown are the means of -fold changes in mRNA levels Ϯ S.E. from three individual experiments with untreated 2fTGH (gray) or untreated U3A (white) cells ϭ 1. *, p Ͻ 0.05 rapamycin versus control (0 h). D, 2fTGH or U3A cells were exposed to rapamycin for 0, 4, 8, or 16 h before preparation of whole cell lysates and detection of ULK1 or ␤-ACTIN protein levels by Western blot analysis. E, 2fTGH or U3A cells were incubated with 50 M cycloheximide (CHX) for 0, 4, 8, and 12 h before analysis of ULK1 protein levels by Western blots. F, 2fTGH or U3A cells were incubated without or with 10 nM Torin-1 for 6 h before detection of ULK1, phospho-FOXO3A S318/321 (p-FOXO3A), phospho-Akt Ser-473 (p-Akt), phospho-p70 S6 kinase Thr-389 (p-S6K), phospho-4E-BP1 Thr-37/46 (p-4EBP1), total 4E-BP1 (4E-BP1), STAT1, and ␤-ACTIN by Western blot. Composite images from the same blots are shown. The means of band densities for ULK1 Ϯ S.E. from four different experiments are shown to the right. *, p Ͻ 0.05 Torin-1 versus vehicle control, by Student's t test. G, 2fTGH or U3A cells were incubated with negative control shRNA (Scr) or those targeting the ULK1 coding region (ULK1-A) or 3Ј-UTR (ULK1-B). The means of bafilomycin-induced increase in LC3B-II levels Ϯ S.E. (⌬LC3B-II) were derived from three individual experiments as in Fig. 1E and H. p Ͻ 0.05 versus scrambled control in 2fTGH (*) or U3A ( †) by Student's t test.
Phosphorylation of the mTORC2 target Akt or its substrate FOXO3A, a known inducer of autophagy gene transcription, was unaffected in control or STAT1-deficient cells (Fig. 2F) . Consistent with inhibition of mTORC1 by Torin-1, phosphorylation of S6K and 4E-BP1 was reduced. ULK1 protein levels were increased in STAT1-deficient U3A cells, and this was reversed by expression of STAT1 (U3A-R). RNAi depletion of ULK1 reduced autophagic flux in 2fTGH (40% decrease) and U3A (60% decrease) cells ( Fig. 2G; supplemental Fig. 1B) . Therefore, loss of STAT1 leads to increased ULK1 mRNA and protein expression as well as their induction by mTORC1 inhibitors. AKT and FOXO3A likely do not play a significant role in the changes in autophagic flux observed in STAT1-deficient cells, whereas ULK1 is required.
A STAT1-responsive DNA Element Regulates ULK1 Gene Promoter Activity-We next determined whether mutation of a potential STAT1 response element augments activity of an ULK1 promoter fragment cloned into a luciferase reporter construct. We identified a putative DNA-binding site for STAT1 (Ϫ124 3 Ϫ117) and created T3 G mutations at the indicated residues (Fig. 3A) . Vectors were expressed in STAT1-deficient U3A or control 2fTGH cells. Basal ULK1 promoter activity was significantly increased in U3A cells compared with that in 2fTGH cells (Fig. 3B, columns 5 versus 1) . Inhibition of mTORC1 with rapamycin enhanced ULK1 promoter activity in control 2fTGH cells (Fig. 3B , columns 2 versus 1) but less so in U3A cells (Fig. 3B, column 6 versus 5) . Mutation of the putative STAT1 binding sequence (⌬STAT1) significantly increased ULK1 promoter activity in control 2fTGH cells (Fig. 3B , columns 3 versus 1). As expected, mutation of the STAT1 binding sequence had no effect on promoter activity in STAT1-deficient U3A cells (Fig. 3B, columns 7 versus 5) . Blockade of mTORC1 with rapamycin did not further increase ULK1 promoter activity when the STAT1 binding sequence was mutated (Fig. 3B, columns 4 versus 3) .
We next assessed whether STAT1 could bind the putative STAT1 response element (Ϫ124 3 Ϫ117) in the endogenous ULK1 promoter by chromatin immunoprecipitation. In 2fTGH cells, STAT1 binding was enriched by 30% (Fig. 3C) . Binding was increased upon incubation of cells with the mTOR inhibitors 10 nM Torin-1 (84% enrichment) or 50 nM rapamycin (62% enrichment) for 2 h (Fig. 3C) . There was no binding of STAT1 observed when control primers were used to detect a region of genomic DNA that does not bind transcription factors (data not shown). Thus, a STAT1 response element in the ULK1 
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Enhanced Autophagy in STAT1-deficient Cells Attenuates Apoptosis and Promotes Cell Survival-Because STAT1 is an inhibitor of autophagy and ULK1 gene expression, we reasoned that the suppression of apoptosis in STAT1-deficient cells might require autophagic activity. Caspase-3 (CASP3) cleavage products were measured as a marker of apoptosis. As previously shown (20) , cleaved CASP3 levels were reduced in STAT1-deficient U3A cells compared with those in 2fTGH controls (Fig.  4A, columns 5 versus 1) ; rapamycin significantly increased cleaved CASP3 levels in 2fTGH but not in U3A cells (Fig. 4A,  columns 1 and 2 versus columns 5 and 6) . In U3A cells, the autophagy inhibitor NH 4 Cl restored basal or rapamycininduced apoptosis (Fig. 4A, column 7 versus 5 or column 8 versus 6 ). Administration of NH 4 Cl in 2fTGH cells (i.e. elevated STAT1) levels had no effect on cleaved CASP3 levels (Fig. 4A,  columns 3 and 4 versus columns 2 and 1) . To determine whether restoration of apoptosis in U3A cells correlates with reduced viability, we assessed crystal violet staining in cells exposed to rapamycin, NH 4 Cl, or both for 24 h. Consistent with reduced apoptosis and increased autophagy, cell viability was significantly greater in U3A cells lacking STAT1 when compared with control 2fTGH cells (Fig. 4B, columns 5 versus 1) . Rapamycin led to a significant decrease in cell viability in 2fTGH cells (col umns 2 versus 1 or 3 versus 4) ; the magnitude of this reduction was attenuated in STAT1-deficient U3A cells (Fig. 4B, columns  6 versus 5) . Consistent with restoration of apoptosis (Fig. 4A) , blockade of autophagy with NH 4 Cl reduced cell viability in STAT1-deficient U3A cells but not in control 2fTGH cells (Fig.  4B, columns 5 and 7 versus columns 1 and 3) . As was the case for apoptosis (Fig. 4A) , the restoration of cytotoxicity was more prominent in cells incubated with rapamycin (Fig. 4B , columns 6 and 8 versus columns 2 and 4). These data indicate that the reduced apoptosis and cell death observed in STAT1-deficient cells correlates with increased levels of ULK1 and autophagic activity. Furthermore, apoptosis and cell death can be restored in STAT1-deficient cells by blocking autophagy.
STAT1 Deficiency Increases Autophagy in Skeletal Muscle of Mice-To demonstrate a role for STAT1 in vivo, we used a model of septic inflammation that elicits autophagy and organ dysfunction in mice (24, 25). STAT1
Ϫ/Ϫ mice were exposed to vehicle or bacterial lipopolysaccharide (LPS) for 24 h. As previously shown (25) , LPS administration in mice triggered a significant increase in diaphragm autophagy (i.e. increased ratio of LC3B-II to LC3B-I) (Fig. 5A, lanes 2 versus 1 and right panels) of Stat1 ϩ/ϩ mice. Like in cultured cells, loss of Stat1 was associated with increased basal autophagy as indicated by the rise in LC3B protein lipidation (Fig. 5A, lanes 3 versus 1) . Injection of LPS did not further increase LC3B protein lipidation in STAT1 Ϫ/Ϫ mice, perhaps due to already elevated basal autophagy in the muscles of these mice. Autophagic flux was increased in the diaphragms of STAT1-deficient mice (Fig. 5B) . As was the case for STAT1-deficient cell lines (Fig. 2) , Ulk1, but not Beclin-1 or Atg12 (data not shown) mRNA levels, were higher in the diaphragms of STAT1 Ϫ/Ϫ mice than in those from Stat1 ϩ/ϩ mice (Fig. 5C) . Similarly, ULK1 protein levels were increased in the diaphragms of STAT1 Ϫ/Ϫ mice (Fig. 5D) . Consistent with induction of autophagy, LPS reduced the phosphorylation of ULK1 at Ser-757 in wild-type and knock-out mice (Fig. 5D) . As was the case for U3A cells, basal and rapamycin-induced ULK1 protein levels and autophagy were also increased in STAT1 Ϫ/Ϫ MEFs (Fig. 5F) ; Stat1 mRNA and STAT1 protein were absent in STAT1 Ϫ/Ϫ MEFs (supplemental Fig. 1, C and D) . Changes in autophagy attributed to loss of Stat1 or incubation with rapamycin were reduced in MEFs, perhaps due to high levels of autophagy at baseline; moreover, others have demonstrated weak induction of autophagy by rapamycin in MEFs (26) . These results indicate that STAT1 is an endogenous suppressor of Ulk1 mRNA and protein expression as well as autophagy in vivo. 4 Cl versus U3A vehicle control; §, p Ͻ 0.05 U3A cells exposed to NH 4 Cl and rapamycin versus those exposed to rapamycin alone.
Discussion
The current study reveals a previously undescribed mechanism by which STAT1 dampens the expression of ULK1 and autophagic flux in cultured cells and in vivo. We used cell and animal models of genomic loss of STAT1 to avoid potential off-target effects of molecular (e.g. RNAi, overexpression systems) or pharmacological inhibitors. STAT1-deficient cells and mice exhibited increased autophagy and ULK1 expression (Figs. 1, 2, and 5) . The enhanced autophagy and ULK1 expression observed in STAT1-deficient U3A cells were not due to genetic or epigenetic modifications independent of STAT1, as they were reversed by expression of recombinant STAT1␣ (Figs. 1 and 2 ). Similar effects of STAT1 loss on ULK1 and autophagy were also observed in MEFs with targeted genomic knock-out of STAT1. Moreover, enhanced autophagy was required for the inhibition of apoptosis observed in STAT1-deficient cells (Fig. 4) , and STAT1 was an endogenous suppressor of Ulk1 expression and skeletal muscle autophagy in mice (Fig. 5) . Although the transcriptional control of autophagosome nucleation genes (e.g. BECN1, BNIP3, LC3B) has been evaluated (12, (27) (28) (29) , less is known regarding the regulation of genes encoding proteins in the initiation complex. We demonstrate that the ULK1 gene 5Ј-flanking region contains a functional DNA sequence that binds STAT1, and that binding is enhanced by mTORC1 inhibitors (Fig. 3) . Thus, the increased autophagy, ULK1 expression, and promoter activity in STAT1-deficient cells reflect absent suppression of ULK1 transcription by STAT1. In contrast, nucleation/elongation genes (e.g. BECN1, ATG12) were not altered in STAT1-deficient cells in vitro or in vivo. FIGURE 5 . STAT1 is an endogenous inhibitor of autophagy in skeletal muscles from mice exposed to bacterial lipopolysaccharide. A, wild-type (ϩ/ϩ) mice or those homozygous for allelic loss of STAT1 (Ϫ/Ϫ) were exposed to saline or intraperitoneal E. coli lipopolysaccharide (LPS), 5 g/kg, and euthanized 24 h later. LC3B in diaphragm homogenates was detected by Western blot analysis and quantified by band densitometry (gel). Shown are the means of LC3B-II:LC3B-I ratio or LC3B-II normalized to ␤-ACTIN levels (Ϯ S.E.) from the diaphragms of four individual mice. B, wild-type (ϩ/ϩ) or STAT1 knock-out (Ϫ/Ϫ) mice were exposed to vehicle or colchicine (0.4 mg/kg/24 h i.p.) for 48 h before detection of LC3B-II in the diaphragm by Western blot. The mean change in LC3B-II attributed to colchicine (⌬LC3B-II, autophagic flux) ϮS.E. is shown (n ϭ 4 per group). C, mRNA levels for autophagy genes were detected from the diaphragms of mice in panel A by real-time PCR. Shown are the means of -fold-change mRNA levels versus wild-type saline-treated controls (Ϯ S.E.) for four individual mice. D, ULK1, phospho-ULK1 T757 (p-ULK1; mTORC1 phosphorylation site) or ␤-TUBULIN from diaphragm protein homogenates were assessed by Western blot. Gels are representative of four individual mice. E and F, STAT1 wild-type (ϩ/ϩ) or knock-out (Ϫ/Ϫ) MEF cells were exposed to rapamycin for 6 h before preparation of whole cell lysates and detection of ULK1, phospho-ULK1 T757 (pULK1), and ␤-TUBULIN (E) or LC3B, phospho-p70 S6 kinase Thr-389 (p-S6K), S6K, and ␤-ACTIN (F) protein levels by Western blot analysis. *, p Ͻ 0.05 versus vehicle-treated wild-type.
Several studies have investigated the role of transcription factors in autophagy and gene expression. Of the few that demonstrated direct regulation of autophagy gene promoters, transcriptional induction was generally associated with 1.5-3-fold changes in levels of mRNA, protein, and autophagic flux. For instance, like STAT1, the nuclear import of TFEB is enhanced by inactivation of mTORC1; however, whereas STAT1 controls ULK1 expression, TFEB activates genes that encode regulators of autophagosomal maturation (17, 30) . Other examples include the forkhead transcription factor FOXO3a, which activates the autophagy transcriptional program by binding the promoters of autophagy nucleation or maturation genes, including Atg12, Lc3b, and Gabarapl1 (7). The NF-B transcription factor binds to and activates the Becn1 promoter in T-cells (29) . Unlike TFEB, FOXO3a, or NF-B, STAT1 is a novel suppressor of ULK1 transcription. The effect of STAT1 was likely independent of Akt or FOXO3a activity as we observed no differences in their phosphorylation in U3A-or Torin-1-treated cells. A possible mechanism(s) for inhibition of transcription by STAT1 include the following: (i) transcriptional repression (31) (32) (33) (34) (35) , (ii) interaction with histone acetylases or deacetylases (36 -39), or (iii) post translational modification of STAT1 and/or repression of a co-activator (40, 41) . Further functional analysis of the ULK1 5Ј-flanking region as well as the transcriptional complexes and post-translational modifications that regulate ULK1 gene transcription and autophagy, are the subject of ongoing investigations.
Simultaneous control of ULK1 phosphorylation and transcription by mTORC1 and STAT1 is consistent with our previous work. When inactivated, mTORC1 associates with latent (i.e. unphosphorylated) STAT1 in a macromolecular complex (18) , enhances its nuclear import (20) , and augments the subsequent induction of STAT1-dependent apoptosis genes. Mechanisms of latent STAT1 signaling and its regulation of apoptosis genes are reviewed in Yang and Stark (42) . Because autophagy appears to counteract apoptosis, the attenuating effect of latent STAT1 on ULK1 gene transcription observed in the current study is consistent with this functional paradigm and represents a feed forward inhibitory mechanism that limits autophagic activity. Further evidence of an anti-apoptotic role for autophagy arises from the ability of NH 4 Cl, an autophagy inhibitor, to restore rapamycin-induced apoptosis in STAT1-deficient cells (Fig. 4) . In agreement, one study revealed that loss of STAT1 was associated with increased autophagy and reduced myocardial damage in a mouse model of ischemia/ reperfusion (43) . Also of note, the relative roles of ULK1 and STAT1 might differ with respect to autophagy and cell survival when cells are exposed to interferons. For instance, STAT1 was required for IFN-␣-induced BECN1 expression, autophagy, and apoptosis in leukemia cells (44) . In a separate study, ULK1 was required for the induction of interferon-sensitive genes by type-I interferons in a mechanism that appeared to involve p38 MAPK and not STAT1 or autophagy (45) . Despite the pleiotropic effects of STAT1 and ULK1, our data consistently demonstrate an attenuating effect of STAT1 on ULK1 expression and autophagy in cultured cells and in murine skeletal muscle.
To demonstrate that STAT1 regulates autophagy in vivo, we assessed skeletal muscle autophagy in Stat1-deficient mice exposed to systemic bacterial lipopolysaccharide (25) . Transcriptional regulation of autophagy was previously shown to control skeletal muscle atrophy (7). Importantly, atrophy involves both autophagic and proteasomal proteolysis, and mTORC1 was thought to contribute by post-transcriptional mechanisms (46) . Our new data now implicate STAT1 and its regulation by mTOR in the transcriptional control of autophagy genes in the mouse diaphragm (Fig. 5) . Interestingly, although STAT1 deficiency increased proteasomal and autophagic proteolysis to a similar extent (Fig. 1A) , the majority of rapamycin-induced proteolysis in STAT1-deficient cells was due to lysosomal degradation (Fig. 1, B and C) . Other conditions in which autophagy influences skeletal muscle protein metabolism include sepsis and prolonged mechanical ventilation (25, 47) . Future studies can further characterize the mechanisms by which STAT1 controls skeletal muscle function.
Inhibition of autophagy by NH 4 Cl had no effect on apoptosis or cytotoxicity in cells expressing STAT1 (Fig. 4) . This suggests that autophagy may be particularly important for cell survival when STAT1 activity is reduced. In agreement, the expression and activity of endogenous inhibitors of STAT1 such as isoforms of suppressor of cytokine signaling (SOCS) or protein inhibitor of activated STAT (PIAS) can be elevated in human cancers or during systemic inflammation (48 -51) and may promote cell survival by enhancing autophagy. Moreover, recent studies indicate an inhibitory role for STAT1 in the transcription of genes involved in oxidative phosphorylation and mitochondrial biogenesis, which are both implicated in skeletal muscle dysfunction and cancer (52, 53) . Future studies will evaluate the molecular links between STAT1 signaling, the regulation of autophagy, and metabolism under conditions of metabolic stress or neoplastic transformation.
Experimental Procedures
Cell Culture and Reagents-Human fibrosarcoma 2fTGH cells, their STAT1-deficient counterparts (U3A), and U3A cells stably expressing STAT-1␣ (STAT1-reconstituted U3A; U3A-R) were provided by Dr. George Stark (Cleveland Clinic). U3A cells were generated by random DNA mutagenesis in 2fTGH cells and subsequent clonal selection for absent responses to interferon (21, 22) . We obtained immortalized wild-type control (ϩ/ϩ) and STAT1-knock-out (Ϫ/Ϫ) MEFs from Dr. A. Koromilas (McGill University) that were generated from mice with targeted disruption of the STAT1 locus (originally donated by Dr. J. Durbin) (23). All cell lines were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (Invitrogen). Selection for 2fTGH and U3A cells was maintained with 125 g/ml hygromycin (BioShop). Incubations with the mTORC1 allosteric inhibitor rapamycin (Biomol; 200 ng/ml, 218 nM), the mTOR kinase active site inhibitor Torin1 (Millipore; 10 nM), the lysosomal and/or endosomal acidification inhibitors bafilomycin A1 (Enzo; 250 nM) and NH 4 Cl (Sigma; 10 mM), and L-tyrosine- [ring-3,5- 3 H] ([ 3 H]tyrosine; PerkinElmer Life Sciences) were performed in subconfluent cultures for the indicated times. mTORC1 inhibitors were used to induce autophagy, and lysosomal acidification inhibitors were used to inhibit autophagy. Torin-1 was used at a concentration that preferentially inhibits mTORC1. For ULK1 depletion by RNAi, the lentiviral vector pLKO.1 containing DNA encoding short hairpin RNAs targeting the coding (ULK1-A) or 3Ј-UTR (ULK1-B) of ULK1 or no known human gene (scrambled negative control) (MISSION shRNA, Sigma) was introduced into HEK293T with lentiviral packaging vectors pRSV-REV, pMDLg/pRRE, and pCMV-VSV-G using calcium chloride. Viruses were collected 72 h later, and target cells were infected with the collected viruses in the presence of Polybrene for 3 days before measuring autophagic flux or ULK1 mRNA levels.
Animal Procedures-All procedures were approved by the Animal Ethics Committees of McGill University or Université de Montréal and were in accordance with the guidelines of the Canadian Council of Animal Care. Adult (8 -12 weeks old) wild-type or STAT1 Ϫ/Ϫ BALB/C mice were injected i.p. with a single dose of phosphate-buffered saline (PBS) (control) or Escherichia coli lipopolysaccharide (5 mg/kg serotype 055:B5; Sigma), a known inducer of autophagy in skeletal muscle (25) . Animals were euthanized with sodium pentobarbital after 24 h before rapid excision of the diaphragm. Each muscle was weighed, flash-frozen in liquid nitrogen, and stored at Ϫ80°C for later use.
Preparation of Cell Lysates and Detection of ProteinsEndogenous or recombinant proteins in whole cell lysates or tissue homogenates were detected by Western blot analysis. Whole cell lysates from 2fTGH, U3A, or MEFs were generated after washing twice in PBS and adding lysis buffer (50 mM TrisHCl, pH 8, 150 mM NaCl, 50 mM NaF, 1 mM EDTA, 1 mM Na 3 VO 4 , 10 g/ml leupeptin, 10 g/ml aprotinin, 1 mM PMSF, 1% Nonidet P-40, and 10% glycerol). Mouse diaphragm homogenates were prepared in the same buffer. Total proteins, 20 -50 g, were separated by SDS-PAGE and transferred to PVDF membranes (Bio-Rad) before analysis by Western blot with antibodies directed against the following proteins: LC3B (#2775), phospho-ULK1 Ser-757 (#6888), phospho-S6 Ser-235/ 236 (#2211), phospho-p70S6K1 Thr-389 (#9205), p70S6K1 (#9202), phospho-4E-BP1 Thr-37/46 (#9459), 4E-BP1 (#9644), phospho-FOXO3A Ser-318/321 (#9465), phospho-Akt Ser-473 (#4060), cleaved CASPASE-3 (#9661), ␤-ACTIN (#3700) (Cell Signaling), ULK1 (#A7481, Sigma), ␤-TUBULIN (#H7, Developmental Studies Hybridoma Bank), or STAT1 (#SC-345, Santa Cruz). For detection of cleaved CASPASE-3, CHAPS (final concentration 0.3%) was added to the lysis buffer, and 80 g of protein were used for Western blots. After incubation with antibodies linked to horse-radish peroxidase (The Jackson Laboratory, Bar Harbor, ME) and ECL reagent (Amersham Biosciences), membranes were exposed to X-ray film. Band densitometry was performed after imaging using an AlphaImager device (Alpha Innotech) and analysis by Alpha Ease FC software (version 4.1.0). Band density was obtained using the spot density and auto-background functions. The means of band density values from multiple experiments were compared by Student's t test.
Determination of Lysosomal Proteolysis-The long-lived protein degradation assay was adapted from a previous study (7) . 2fTGH, U3A, or U3A-R cells were incubated with [ 3 H]tyrosine, 4 Ci/ml, for 24 h. Cells were then incubated with medium containing 2 mM unlabeled tyrosine for 2 h to prevent reincorporation of [ 3 H]tyrosine and to permit proteolysis of shortlived proteins. Medium containing the autophagy inducer rapamycin or the lysosomal inhibitor ammonium chloride (NH 4 Cl, 10 mM) was added. At 0, 4, 8, and 16 h after the addition of inhibitors, 200 l of medium from each sample was collected and stored at 4°C. At 16 h, cells were dissolved in 0.2 N NaOH and combined with scintillation fluid (Fisher Scintisafe 30%). Proteins in media aliquots were precipitated with 10% TCA. The acid-soluble supernatant containing free [ 3 H]tyrosine was combined with scintillation fluid and counted in a scintillation counter (Beckman). The percentage proteolysis per hour was calculated as the counts per min (cpm) released in the medium divided by the total cpm incorporated (i.e. cells plus released) ϫ 100. The rate of protein degradation was calculated from the slope of the line representing cumulative radioactivity loss over time.
Transfection of Plasmids and Promoter Analysis-For ULK1 reporter analysis, cells were transiently transfected with 10 l of Lipofectamine LTX (Invitrogen) and 2.0 g of wild-type ULK1 promoter constructs cloned into luciferase-expressing PGL3 plasmids or those containing a mutation in the STAT1 binding sequence (⌬STAT1). The plasmid construct with the human ULK1 promoter linked to luciferase cDNA (i.e. pGL3-ULK1) was obtained from Dr. Kenichi Yoshida (54) . The structure of the cloned promoter sequence and its STAT1-binding site are shown in Fig. 4A . pGL3-ULK1 containing a mutation in the STAT1-binding sequence (⌬STAT1) was constructed using the QuikChange site-directed mutagenesis kit (Stratagene) and the following primer sequences: ULK1 ⌬STAT1 forward, 5Ј-ccgcggctctggtgggtctccgttgg-3Ј; reverse, 5Ј-ccaacggagacccaccagagccgcgg-3Ј. Mutations were verified by automated sequencing. The Renilla PRL-TK plasmid (Promega) was co-transfected with PGL3 plasmids to normalize for transfection efficiency. Firefly and Renilla luciferase activities were detected by luminometry using the Dual Luciferase Assay kit (Promega). Values for firefly luciferase were divided by the corresponding Renilla luciferase values to obtain relative luciferase units.
Chromatin Immunoprecipitation-Protein-DNA complexes of 2fTGH cells were cross-linked with 1% formaldehyde (Sigma). After 10 min, unreacted formaldehyde was quenched with 200 mM glycine, and the cells were washed twice in PBS. The cells were then collected in SDS lysis buffer (Millipore) and sonicated for 5 s using a Microson Ultra Cell Disruptor (Misonix). Chromatin immunoprecipitation was performed using 2 g of either an anti-Stat1␣ antibody (#SC-345x, Santa Cruz) or purified rabbit IgG (#ab171870, Abcam). The protein-DNA complexes were precipitated using magnetic Protein A beads (Millipore). After removing unbound chromatin, samples were extracted in elution buffer (1% SDS, 0.1 M NaHCO 3 ) and heated overnight at 65°C to reverse cross-links before DNA purification (Purelink Quick PCR Purification kit, Life Technologies) and real-time PCR using the following primers (Invitrogen): ULK1 promoter forward 5Ј-tgttcgtcacgcccggctct-3Ј and reverse 5Ј-ggatccgactccgactccga-3Ј (190 bp); negative control forward 5Ј-atggttgccactggggatct-3Ј and reverse 5Ј-tgccaaagcctaggggaaga-3Ј (174 bp).
Real-time PCR for Gene Expression Analysis-Total cellular RNA was isolated (RNAspin kit, GE Healthcare), and cDNAs were generated by reverse transcription (Invitrogen Superscript II Reverse Transcriptase kit) using 2 g of total RNA as substrate. SYBR Green-based real-time PCR was performed using 2 l of cDNA in 25 l of universal PCR mix (Invitrogen). The following human gene specific primers (Invitrogen) were synthesized and used in the quantification of transcripts; amplicon lengths are shown in parentheses: ULK1 forward 5Ј-ggacaccatcaggctcttcc-3Ј, reverse 5Ј-gaagccgaagtcagcgatct-3Ј (169 bp); ATG13 forward 5Ј-cccaggacagaaaggacctg-3Ј; reverse 5Ј-aaccaatctgaacccgttgg-3Ј (133 bp); FIP200 forward 5Ј-cagtgctgggacggatacaa-3Ј, reverse 5Ј-tccaatgcaagctgtgtcct-3Ј (186 bp); Beclin-1 forward 5Ј-aacctcagccgaagactgaa-3, reverse 5Јgacgttgagctgagtgtcca-3Ј (132 bp); ATG12 forward 5Ј-ggcagtagagcgaacacgaa-3Ј, reverse 5Јgggaaggagcaaaggactga-3Ј (116 bp); STAT1 forward 5Ј-tccatcctttggtacaacatgc-3Ј, reverse 5Ј-cagagagggagcaggtgttt-3Ј (311 bp); ␤-ACTIN forward 5Ј-agaaaatctggcaccacacc-3Ј, reverse 5Ј-ggggtgttgaaggtctcaaa-3Ј (142 bp). Murine gene-specific primers include the following: ATG12 forward 5Ј-ggcctcggaacagttgttta-3Ј, reverse 5Ј-cagcaccgaaatgtctctga-3Ј (200 bp); Beclin-1 forward 5Ј-cttggaggaggagaggctga-3Ј, reverse 5Ј-tgtggaaggtggcattgaag-3Ј (263 bp); ULK1 forward 5Ј-cactgcgtggctcacctaag, reverse 5Ј-agccaacagggtcagcaaat-3Ј (140 bp); Fip200 forward 5Ј-accgtgcacctgctattcct-3Ј, reverse 5Ј-catcatggacaagcccttca-3Ј (183 bp); ATG13 forward 5Ј-gtgggcaccctcactctttc-3Ј, reverse 5Ј-gggatagggacggtcaacaa-3Ј (126 bp); ␤-ACTIN forward 5Ј-aaccgtgaaaagatgacccag-3Ј, reverse 5Ј-cacagcctggatggctacgta-3Ј (75 bp). Primers were verified by performing dissociation curves. Real-time PCR reactions were carried out using the ABI 7500 Real Time PCR System. Results are expressed as -fold induction in mRNA levels as calculated by the ⌬⌬CT method (55) .
Detection of Cell Viability in Vitro-Cells were washed twice with PBS before incubation for 15 min with 0.2% crystal violet (Sigma) dissolved in 25% methanol. Excess stain was removed by washing 4 times with PBS, and cells were solubilized in 1% SDS for 15 min. The absorbance of each sample, 100 l, was determined at 570 and 620 nm using a SpectraMax M2 microplate reader (Molecular Devices).
Statistical Analysis-Student's t test was used to test for statistical significance between groups. p values Ͻ0.05 were considered statistically significant. 
